Both transmittance changes in a weak beam of green light (light scattering) and the slow decay of chlorophyll a fluorescence were used as indicators of the energy state of leaves of a Crassulacean acid metabolism plant, Kalanchot pinnata, at frequent intervals during 12-hour light/12-hour dark cycles. To induce light scattering and fluorescence changes, leaves were exposed to red light for 6 minutes. When measurements were made during the light period, the leaves were kept in darkness for 6 minutes before illumination. In the middle of the light period, when malic acid decarboxylation was very active and stomatal conductance was low, light scattering changes were small and indicated that the energy state of leaves was low. This result was supported by determination of adenylate levels. Light scattering and ATP/ADP ratios increased during the late light period when the tissue was deacidified. Illumination produced maximum light scattering changes between the 2nd and 5th hour of the dark period, when rates of dark CO2 fixation were highest. Light scattering and fluorescence measurements taken from leaves, which were illuminated with red or far-red light in the presence or absence of 02 showed that, in addition to linear electron transport, K. pinnata has the potential for both cyclic and pseudocyclic electron transport. The 
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Light-induced electron transport is coupled with the formation of an electric field (At) and of a proton gradient (ApH) across the thylakoid membrane. Both A&4 and ApH drive ATP generation (8, 18) . To (20, 24) . In CAM plants, the capacity for CO2 assimilation undergoes marked changes during a day/ night cycle (28) . Uptake of atmospheric CO2 may be via PEP3 carboxylase, RuBP carboxylase, or both, resulting in varying demands for reducing power and ATP. In 'malic enzyme type' CAM species, like Kalanchoe~pinnata, chloroplasts may have to generate up to 6.7 ATP and 2 NADPH to allow for the conversion of 1 malate to glucan in the light (4). Light-induced transport oftwo electrons from the water splitting system to NADP (linear electron flow) leads to the synthesis of two ATP at most (22 Recently, the kinetics of variable fluorescence were studied in several CAM species in relation to the degree of acidification of the tissues during day/night cycles (5, 19) . In the study presented here, we have used the light scattering method in combination with measurements of Chl fluorescence and CO2 exchange to obtain information on energization of leaves of the CAM plant Kalanchoe pinnata during a day/night cycle. We have also investigated the potential of leaves to perform cyclic and pseudocyclic photophosphorylation.
MATERIALS AND METHODS
Plant Material. Kalanchoe pinnata was grown in the greenhouse from leaf-cuttings. Three-to 4-month-old plants were transferred to a growth cabinet (12 h light, 800 ME m-2 s-', 20°C, 60% RH/12 h dark, 20°C, 80% RH) for 1 week prior to experiments. Experiments used either fully expanded leaves (5th to 6th pair from top) performing pronounced CAM (net carbon gain predominantly via dark CO2 fixation; e.g. Fig. 2 (25) .
Chl. Chl content of the tissue was determined after Arnon (1) .
RESULTS AND DISCUSSION Light Scattering, Chl Fluorescence, CO2 Exchange. Figure 1 depicts typical signals of light scattering at different times of the 12 h light (7-1900 h)/12-h dark cycle. Chl fluorescence and net CO2 exchange were recorded simultaneously. Illumination with R during the early and the middle of the light period (9°, 12°, 133 h) caused light scattering to increase in several rapid phases for 1 to 2 min, and then to decrease gradually. These changes are consistent with the occurrence of a lag-phase of CO2 fixation following illumination (26) . The initial rise in light scattering can be interpreted as being related to the formation of a proton gradient across the thylakoid membranes and the concomitant build-up of ATP by phosphorylation. The decrease in light scattering indicates the onset ofATP consumption by the Calvin cycle. This decrease in light scattering is diminished during the late light period (I 7°h) and is completely abolished when leaves are illuminated during the dark period. During the dark period, a continuous increase of light scattering during the 6-min period of illumination indicates that ATP utilization is low and that the chloroplast containing tissue becomes highly energized (21°, 23°h). Therefore, the relatively high rates of uptake of atmospheric CO2 during these brief periods of illumination at 21°°and 2300 h probably result to a great extent from the continuation of CO2 dark fixation involving PEP carboxylase. In all cases, the slow decay of Chl fluorescence which follows the immediate sharp rise upon illumination, behaves like a mirror image of the increase in light scattering, i.e. when light scattering increases, the slow kinetics of Chl fluorescence decrease (see also 14) .
Despite the repeated, short-term light/dark interruptions of the 12-h light/ 12-h dark cycle to measure light scattering, the daily pattern of net CO2 exchange of expanded leaves of K. pinnata displayed the typical features of CAM (Fig. 2) . In the experiment shown in Figure 2 In contrast to the behavior of expanded leaves of K pinnata, no marked day/night changes in the light scattering signal were observed in young leaves (Fig. 3) , which fix CO2 predominantly via conventional C3 photosynthesis, nor in leaves of the C3 plant spinach (Fig. 4) . Upon illumination with R, measurements in all cases suggested a transient high-energy state of the green tissue, which was followed by a slow decrease in energization. Young leaves of K. pinnata or spinach leaves never exhibited an increase in light scattering during the dark period beyond the initial 2 min, as was found for expanded leaves of K. pinnata. The light scattering signal obtained during the late light period for expanded, deacidified leaves of K. pinnata ( Fig. 1; 17°h) (29) . Illumination was with FR (half bandwidth 705-773 nm; 50 W m-2) in a N2 atmosphere before 21% O2 was added. The N2 treatment started 10 min before the first reading was taken. The rapid changes in absorbance at the beginning and at the end of the FR illumination are due to electrochromic shifts at 515 nm (29) . (7-19°°h )/12-h dark cycle. Illumination was with R (half bandwidth 625-675 nm; 500 ME m-2 s9') in an atmosphere of N2 until 21% 02 was added.
during the early light period ( Fig. 5; 1015 column c) , when malic acid decarboxylation provides internal CO2 for photosynthesis. In young leaves of K. pinnata exhibiting a very low potential for CAM, light scattering increased to a similar extent in response to CO2 free air at various times throughout the day/night cycle ( Fig. 5, d-f) .
Adenylates. Rapid killing ofsucculent leaves for determination of adenylate levels in situ is a problem, particularly when tissue samples are taken during periods of illumination. To partially overcome this problem, adenylate levels were determined in freshly p leaf discs which were exposed to light/dark transitions (Fig. 6 ). In the middle of the light period (11°°), the ATP/ADP ratio was relatively low and did not greatly change following onset of darkness. In contrast, high ATP/ADP ratios of approximately 5 to 7 were obtained during both the early and the late light period (8°, 16°h). At these times, ATP/ADP ratios declined drastically during the first 30 s of darkness. Besides an increase in ADP levels there was also an increase in the content of AMP from 3 to 10-20 nmol mg-' Chl produced by a yet unknown process. An increase in AMP level after darkening has also been described for chloroplasts (23) and leaves (11) of spinach. In K. pinnata, highest ATP/ADP ratios during the 12-h light/12-h dark cycle were observed in the course of the dark period (data not shown), confirming previously published data for phyllodia of Kalanchoe tubiflora (24) . In contrast, we found that spinach leaves had an ATP/ADP ratio of 2 in the light and of 1 in the dark in normal air (see also 13). The total pool of adenylates in leaves of K. pinnata ranged from 60 to 80 nmol mg-' Chl and was considerably lower than in spinach leaves (150-220 nmol mg-' Chl; 11). The relatively low ATP/ADP ratio during the middle of the light period is, in addition to the light scattering measurements, further evidence for a rapid consumption of light-generated ATP for reduction of CO2 produced from malic acid decarboxylation.
Cyclic and Pseudocyclic Electron Transport. Under FR conditions, PSI is preferentially excited and the supply of electrons from the water-splitting system is expected to be negligible. When spinach leaves are exposed to FR, and are kept in a N2 atmosphere, i.e. under anaerobic and CO2-free conditions, light scattering increases reflecting the generation of a proton gradient by cyclic flow around PSI (6, 7) . Similarly, membrane energization increased when expanded leaves of K. pinnata were illuminated with FR light in a N2 atmosphere during the dark period (Fig. 7 Fig. 7; 1 13, 161,  103°h) , which is probably due to the reduction of CO2 made available by the decarboxylation of malic acid.
When K. pinnata leaves were exposed during both the light and dark periods to N2 and to R of high intensity (500 ,gE m 2 s') which excites both photosystems, light scattering was suppressed ( Fig. 8) . Only a brief signal was apparent which is due to electrochromic shifts in the thylakoid membranes at 515 nm (29) . After the initial rise, Chl fluorescence decreased extremely slowly under anaerobic conditions. 
